A significant obstetric complication facing contemporary materno-fetal medicine is preterm premature rupture of the fetal membranes (preterm PROM), which occurs in 30% of all preterm births. The objective of this study was to identify differentially expressed proteins in the cervicovaginal fluid of asymptomatic women before the clinical manifestation of preterm PROM. The preterm PROM group comprised of women with samples collected 6-23 days before PROM, who subsequently delivered preterm (nZ5). Women who spontaneously delivered at term served as gestation-matched controls (nZ10). Two-dimensional difference in-gel electrophoresis was used to distinguish differential expression between the pooled groups and fold changes were subsequently confirmed by two-dimensional PAGE of individual samples. Spots of interest were identified by mass spectrometry. Proteins that were significantly reduced with impending preterm PROM included the following: thioredoxin (2.7-fold), interleukin 1 receptor antagonist (1.7-fold), fatty acid-binding protein 5 (2.1-fold), cystatin A (dimer; 1.9-fold), monocyte/neutrophil elastase inhibitor (1.6-fold), squamous cell carcinoma antigen-1 (2.1-fold) and g-glutamyl cyclotransferase (3.0-fold). By contrast, annexin A3 (3.7-fold) and vitamin D binding protein (3.9-fold) were significantly increased with impending preterm PROM. Western blot analysis was also performed on an independent cohort of preterm PROM and control samples to validate these candidate biomarkers. These proteins have known biological functions in oxidative balance, anti-inflammatory activity, metabolism or protease inhibition that may facilitate membrane rupture.
Introduction
Preterm premature rupture of membranes (PROM) is the rupture of the fetal membranes before the onset of labour at !37 weeks' gestation. Preterm PROM accounts for w30% of preterm births. It is widely acknowledged that preterm delivery (PTD) is associated with major neonatal morbidity and mortality with a significant burden placed upon the healthcare systems. Even 'late' preterm infants delivered between 34 and 37 weeks' gestation are at increased risk of adverse outcomes such as respiratory distress, jaundice, seizures and feeding problems compared with infants delivered at term (Bastek et al. 2008) .
Risk factors of preterm PROM include ethnicity, low socioeconomic status, cigarette smoking, previous PTD, infection of the genital tract, cervical cerclage, amniocentesis, vaginal bleeding and uterine distension (i.e. polyhydramnios or multifetal gestation; Savitz et al. 1991 , Mercer 2003 . Each risk factor may contribute to the localised inflammation, infection and/or weakening of the fetal membranes leading to subsequent preterm PROM.
To date, no single biomarker has been characterised with high sensitivity and specificity for the prediction of women with subsequent preterm PROM and/or preterm labour. Currently, there are a number of diagnostic tests for women presenting with presumed premature rupture of the fetal membranes, with a clinical focus on the treatment of these women once membrane rupture has been confirmed (Simhan & Canavan 2005 , Zegels et al. 2010 . However, it is our inability to predict preterm PROM that remains a significant obstetric problem. Exploration and further understanding of the biochemical pathways of human labour may provide the foundation for the discovery of such a biomarker. Ultimately, early therapeutic intervention and management before the clinical manifestation of preterm PROM may improve both neonatal and maternal outcome.
The cervicovaginal fluid (CVF) is an accessible biological fluid that has been extensively studied for insights into term and preterm labour and biomarker discovery. The CVF proteome has been comprehensively characterised in pregnant and non-pregnant women , Di Quinzio et al. 2007 , Shaw et al. 2007 , Tang et al. 2007 , Klein et al. 2008 , Shah et al. 2009 , Zegels et al. 2009 , Heng et al. 2010a . Using two-dimensional PAGE (2D-PAGE) proteomic analysis of human CVF, we have demonstrated temporal protein changes in association with impending spontaneous term labour (Di Quinzio et al. 2008 , Heng et al. 2010a . We hypothesise that these findings may reflect biochemical changes occurring in the cervix and overlying fetal membranes. Utilising a similar approach, the study of CVF may provide insight into the biochemical pathways associated with preterm PROM. Therefore, the aim of this discovery-based study was to characterise differential protein expression in human CVF in association with preterm PROM using 2D difference in-gel electrophoresis (2D-DIGE) coupled with liquid chromatography-electrospray ionisation with tandem mass spectrometry (nLC-ESI-MS/MS). Proteins of interest were further investigated using 2D-PAGE to confirm fold changes between individual women. Western blot analysis was used to validate the expression of selected proteins using an independent cohort of preterm PROM and gestation-matched control samples.
Results

Clinical details and microbiology assessment
Clinical details of the participants are displayed in Table 1 . Microbiology assessment revealed common urogenital microflora in all women. No subject had bacterial vaginosis or clinical signs of chorioamnionitis at the time of CVF sampling.
2D-DIGE analysis of pooled CVF protein profiles
Each CVF sample with a preterm PROM outcome was gestation matched with two control samples from women that subsequently resulted in a term delivery. The pooled CVF proteome map of asymptomatic pregnant women 6-23 days before preterm PROM and gestationmatched controls using 2D-DIGE is shown in Fig. 1 . A total of 275 spots were matched between the two pooled groups. Seventy-one spots were up-regulated and 83 spots were down-regulated by a factor of 1.3-fold or more with impending preterm PROM.
Protein characterisation
Only 21 spots were visible to the naked eye and were manually excised and successfully characterised by nLC-ESI-MS/MS (peptide sequences are found in Supplementary Table 1 , see section on supplementary data given at the end of this article). These spots represented 14 unique proteins, some of which have multiple isoforms differing in isoelectric point (pI) and/or molecular weight (MW). Annexin A3, apolipoprotein A1, three isoforms of albumin and two isoforms of vitamin D binding protein (VDBP) were up-regulated 6-23 days before spontaneous preterm PROM compared with controls ( Table 2 ). Spots that were down-regulated with impending preterm PROM were Cu,Zn-superoxide dismutase (Cu,Zn-SOD), cystatin A (also known as stefin A), g-glutamyl cyclotransferase (GGCT), interleukin 1 receptor antagonist (IL1ra), two isoforms of monocyte/ neutrophil elastase inhibitor (M/NEI; also known as Serpin B1), placental thrombin inhibitor (also known as Serpin B6), squamous cell carcinoma antigen-1 (SCCA-1; also known as Serpin B3) and thioredoxin. Fold changes for each identified protein are shown in Table 2 .
Isoforms of two characterised proteins showed opposing expression trends: calgranulin B (spot 513) was down-regulated 1.4-fold compared with another isoform 138 S Liong and others (spot 529) that was up-regulated 2.4-fold in the preterm PROM group. Fatty acid-binding protein 5 (FABP5; spot 494) was decreased 2.0-fold in the preterm PROM group, whereas the other isoform of FABP5 (spot 501; identical MW differing only in pI) did not exhibit expressional change before preterm PROM ( Table 2) .
Confirmation of fold changes using 2D-PAGE
To confirm the fold changes between the two pooled clinical groups, each sample was individually subjected to 2D-PAGE analysis (Fig. 2) . Spot detection ranged from 157 to 261 spots present between all gels. A single master match-set was created from the 15 gels and comprised of 140 spots. Each spot was assigned an arbitrary number generated by the PD Quest Software for statistical analysis and spot characterisation. Spots that showed differential protein abundance (based on spot volume) and were confidently identified by mass spectrometry were matched in all gels and subjected to non-parametric Mann-Whitney U statistical analysis. A total of nine identified spots showed significant changes in the mean spot volumes (GS.D.) as preterm PROM approached (Table 3) . Seven spots were significantly decreased (ranging from K1.6 to K3.0-fold) 6-23 days before preterm PROM when compared with the gestation-matched control samples: M/NEI (spot 227, PZ0.028), SCCA-1 (PZ0.028), GGCT (PZ0.013), IL1ra (PZ0.005), FABP5 (PZ0.005), thioredoxin (PZ0.013) and the dimeric form of cystatin A (PZ0.028). By contrast, spot volumes for two proteins were significantly increased (ranging from 3.7-to 3.9-fold) with impending preterm PROM: VDBP (spot 149, PZ0.005) and annexin A3 (PZ0.005). Comparison of the fold changes calculated from the pooled groups (2D-DIGE) and individual samples (2D-PAGE) were overall consistent between the two proteomic techniques (Table 3) .
Immunovalidation
An independent cohort of an additional 15 women was recruited to validate the presence of six candidate biomarkers of interest. Women that subsequently experienced preterm PROM within 2-20 days of sample collection (nZ5; two singletons and three twins) were gestation matched with healthy women who spontaneously delivered at term (nZ10; four singletons and six twins). Western blot analysis was performed using commercially available antibodies raised against VDBP, annexin A3, IL1ra, cystatin A, FABP5 and thioredoxin. The optical density of individual protein bands was normalised against the total optical density of each lane (Fig. 3) . The expression of annexin A3 (PZ0.04), IL1ra (PZ0.001) and cystatin A (PZ0.001) was significantly different (Mann-Whitney U test) in the independent cohort of preterm PROM women. Two candidate biomarkers, VDBP and FABP5, displayed similar expressional trends as observed in the 2D-electrophoresis experiments but failed to reach statistical significance.
Discussion
Preterm PROM is a significant problem facing contemporary clinical obstetrics worldwide. The majority of cases of preterm PROM are associated with underlying pathological processes, such as infection and/or inflammation of the fetal membranes. In the absence of infection, delivery of the neonate is often delayed if preterm PROM occurs at an early gestation (!34 weeks') in order to bide time for the developing fetus. This can conversely lead to increased risk of chorioamnionitis and serious sequelae for the neonate.
There has been limited research of biomarkers that may predict preterm PROM. Biggio et al. (2005) reported that women with elevated midtrimester amniotic fluid matrix metalloproteinase 8 (MMP-8) levels greater than the 90th percentile were strongly associated with subsequent preterm PROM outcomes compared with term controls. Rosen et al. (2001) increased concentrations of plasma thrombin-antithrombin complexes in the maternal blood correlate with subsequent preterm PROM. Another study conducted by Longini et al. (2007) found isoprostane (a by-product of lipid peroxidation) to be significantly higher in the amniotic fluid collected at 15-18 weeks' gestation from women who deliver preterm following subsequent preterm PROM compared with women with normal term labour. In this current study, we investigated alterations in the CVF protein expression of asymptomatic women, without clinical signs of infection, who progressed to preterm PROM and subsequently delivered preterm. To our knowledge, this is the first study characterising protein changes in the CVF of asymptomatic women who subsequently experienced preterm PROM. The differentially expressed proteins identified in this study relate to presumed biochemical processes that predate the rupture of the fetal membranes. We analysed human CVF using 2D-DIGE coupled with nLC-ESI-MS/MS and identified 14 different proteins with a R1.3-fold change at 6-23 days before spontaneous preterm PROM. We subsequently performed 2D-PAGE, and of the 14 proteins identified by 2D-DIGE, nine proteins were found to be significantly differentially expressed. The proteins identified have biological roles that include inflammation (IL1ra, VDBP and annexin A3), proteinase inhibition (M/NEI, SCCA-1 and cystatin A) and oxidative defence (thioredoxin, GGCT and FABP5). All these proteins have been previously identified to exhibit significant changes in the CVF associated with term (Di Quinzio et al. 2008 , Heng et al. 2010a ) and preterm labour . Their putative biological roles in the pathophysiological process of preterm PROM will be discussed.
IL1ra is a member of the IL1 superfamily and is expressed by immune cells (Malyak et al. 1994) and in the decidua, chorion and amnion (Ä mmälä et al. 1997) . This protein has an inhibitory role on the downstream signalling effects of pro-inflammatory IL1a and IL1b cytokines through the competitive binding of the membrane-bound IL1 receptors of target cells. IL1b in conjunction with tumour necrosis factor (TNF) induces an increase in MMPs (MMP-1, -3 and -9) and cathepsin S expression and activity in the cervical smooth muscles contributing to extracellular matrix (ECM) remodelling (Watari et al. 1999) . IL1b and TNF have also been linked to induce apoptosis of trophoblastic cells (Fortunato et al. 1999) . It is feasible that the action of IL1ra may be to naturally inhibit these dynamic physiological processes during pregnancy.
Studies have demonstrated that at term, the supracervical site of the fetal membranes (overlying the cervix) has reduced tensile strength and altered morphology of the connective tissues that is consistent with collagen degradation and increased cellular apoptosis (McLaren et al. 1999 , Moore et al. 2006 , Reti et al. 2007 . In this study, IL1ra expression in the CVF was significantly reduced in women 6-23 days before preterm PROM when compared with gestation-matched controls. This reduction of IL1ra may augment the downstream Another isoform of fatty acid-binding protein 5 (spot 501) was identified; however, it was not found to be differentially expressed.
pro-inflammatory effects of IL1b, which may manifest as a weakening of the fetal membranes and their early rupture. VDBP, also known as Gc-globulin (group-specific component), is a 51-58 kDa serum glycoprotein. It acts as a carrier protein for vitamin D sterols and regulates the uptake of free vitamin D metabolites into target cells. However, only 5% of the total circulating VDBP is bound to vitamin D, suggesting a reservoir function for these sterols (White & Cooke 2000) . VDBP also displays a high binding affinity for free monomeric actin, which is released during tissue damage or cell death (McLeod et al. 1989) . Furthermore, VDBP has been shown to sequester free circulating actin monomers in rats, released during tissue damage and cell death (Harper et al. 1987) . During infection or tissue injury, VDBP becomes deglycosylated as a consequence of the immune response, transforming its function to a macrophage activating factor (Gc-MAF; Yamamoto & Homma 1991 , Yamamoto & Kumashiro 1993 . VDBP also enhances the chemotatic activity of the complement factor C5a for the recruitment of immunocompetent cells at the site of inflammation (Piquette et al. 1994) . The observed increase in VDBP expression in the CVF may reflect the increased cell death and/or inflammation occurring at the supracervical site of the fetal membranes, as preterm PROM approaches. A limitation of the current study is that serum vitamin D status was not determined in the two study cohorts. At our hospital in Melbourne, Australia, a mild degree of vitamin D Figure 3 Validation of potential CVF biomarkers of approaching preterm PROM. Using an independent cohort of women (preterm PROMZ5, gestation-matched controlsZ10), 25 mg CVF protein from each subject were collected, electrophoresed and probed by western blot using commercially available antibodies raised against VDBP, annexin A3, IL1ra, cystatin A, FABP5 and thioredoxin. The optical density of individual protein bands was normalised against the total optical density of each lane. *indicates statistical significance between control vs preterm PROM group (P!0.05). (Le Cabec & Maridonneau-Parini 1994) . Annexin A3 has anticoagulant properties and inhibitory effects on the activity of the phospholipase A2, which is involved in the hydrolysis of cell membrane-derived arachidonic acid for prostaglandin synthesis (Tait et al. 1988) . The significant increase in annexin A3 demonstrated in our study may be a response to the increased inflammation occurring at the site of fetal membrane rupture. This is in agreement with the reported increased expression of annexin A3 associated with threatened preterm labour and preterm birth in human CVF .
M/NEI and SCCA-1 are members of the Serpin (serine proteinase inhibitors) superfamily. M/NEI is a naturally occurring inhibitor of neutrophil-secreted granule proteases (namely cathepsin G, proteinase 3 and neutrophil elastase; Sugimori et al. 1995) , thereby regulating connective tissue remodelling at sites of inflammation. This current study is consistent with the findings by Helmig et al. (2002) where a significant reduction in M/NEI concentration in the amniotic fluid of asymptomatic women with preterm PROM, in the absence of chorioamnionitis, was observed. SCCA-1 is a broad inhibitor of cysteine proteinases, cathepsins L, S and K, which are implicated in ECM remodelling through elastin degradation (Schick et al. 1998) and is localised in the squamous epithelial cells of the cervix and vagina (Crombach et al. 1989 , Cataltepe et al. 2000 . A decrease in SCCA-1 expression in the CVF of women with impending preterm PROM may reflect a concomitant increase in cathepsin activity occurring in the ECM of the supracervical membranes leading to their weakening and subsequent rupture.
The decreased expression of M/NEI (Serpin B1) and SCCA-1 (Serpin B3) in the maternal CVF is intriguing and may indeed be surrogate markers of fetal membrane remodelling. In the fetus (including the fetal membranes), the SERPINH1 gene encodes for heat-shock protein 47 (Hsp47) that normally serves as a chaperone to stabilise the collagen triple helix. Findings by Wang et al. (2006) describe a single nucleotide polymorphism (SNP) in the promoter region of the SERPINH1 gene that is strongly associated with the risk of preterm PROM and is highly prevalent in African Americans. By contrast, a 12 bp deletion in SERPINH1 promoter region increases promoter activity and mitigates the impact of the SNP of Hsp47 (Wang et al. 2008) . Further exploration of the role of SERPIN genes from both the mother and the fetus in preterm PROM is of future interest.
Cystatin A is expressed by leucocytes and epithelial cells, including the squamous epithelial cells of the cervix and vagina (Davies & Barrett 1984) . Cystatin A is expressed in the CVF of pregnant women in both monomeric and dimeric forms (Di Quinzio et al. 2007 ) and is significantly decreased in association with spontaneous term labour (Heng et al. 2011) . It is a non-specific cysteine proteinase inhibitor regulating the proteolytic activities of cathepsins B, H and L (Turk & Bode 1991) . At sites of inflammation, cathepsins B, L and S are released during cell death and secreted by activated macrophages, causing the degradation of collagen and elastin, which may lead to ECM remodelling (Reddy et al. 1995) . Dimerisation of cystatin A that occurs under denaturing conditions (high temperatures 74-93 8C and low pH !2.5; Martin et al. 1995, Japelj et al. 2004 ) has been found to inactivate its inhibitory functions. We found a reduced expression of cystatin A 6-23 days before preterm PROM, which may possibly reflect a decrease in fetal membrane integrity due to an increase in unregulated proteolytic activity by cysteine proteinases. Three antioxidant enzymes, namely thioredoxin, GGCT and FABP5, were decreased in association with preterm PROM. Thioredoxin is a 12 kDa antioxidant enzyme expressed in the cervix (Lysell et al. 2003) and fetal membranes (Perkins et al. 1995) . Thioredoxin has been associated with a number of critical processes including defence against tissue damage by reactive oxygen species (ROS) and inhibition of apoptosis (Nakamura et al. 1997 , Saitoh et al. 1998 . Redox regulation of the transcription factor nuclear factor kB (NF-kB) activity is mediated by the balance between ROS and antioxidant defence, including thioredoxin. NF-kB affects the expression of cyclooxygenase-2, prostaglandins and various pro-inflammatory cytokines. GGCT is an enzyme involved in the g-glutamyl cycle for glutathione homeostasis by converting g-glutamyl dipeptides to 5-oxoproline (Pastore et al. 2003 ). Glutathione constitutes the major endogenous antioxidant produced by cells for the defence against ROS. The marked decrease in GGCT may indirectly lead to a concomitant decrease in glutathione concentration.
Only one of the two isoforms of FABP5 was significantly reduced in human CVF 6-23 days before preterm PROM. Both isoforms of FABP5 identified in this study displayed an identical MW, however, differed in their pI. This may explain why statistical significance was not observed in the validation cohort. FABP5 has been identified in the CVF by at least eight other groups but the existence of different isoforms could not be described using the technologies employed (Venkataraman et al. 2005 , Shaw et al. 2007 , Tang et al. 2007 , Klein et al. 2008 , Shah et al. 2009 , Zegels et al. 2009 ). The significance of the different isoforms therefore remains unclear. FABP5 is highly expressed in epidermal cells, including the cervix and vagina (Siegenthaler et al. 1993) . FABP5 is thought to have an antioxidative role by acting as a scavenger of chemically reactive lipids (Bennaars-Eiden et al. 2002) , amongst other biological functions. FABP5 is reduced in the CVF in association with both spontaneous term and PTD , Di Quinzio et al. 2008 . However, the exact physiological role of FABP5 in the process of membrane rupture and labour is unknown. It is hypothesised that the significant decrease in thioredoxin, GGCT and one isoform of FABP5 expression in the CVF with impending preterm PROM demonstrated in this study may reflect a reduction in the total antioxidant defence against ROS, a phenomenon we have previously described (Heng et al. 2010b ). This dysregulated balance of ROS may increase the oxidative stress-mediated effects including inflammation, tissue damage, prostaglandin production and proteinase activity that could ultimately lead to ECM degradation and premature fetal membrane rupture.
Thus far, only proteins that were verified with 2D-PAGE have been discussed. However, it is interesting that in our initial 2D-DIGE experiment, albumin displayed the greatest fold change. Unfortunately, we were unable to confirm this finding by 2D-PAGE because the albumin spots could not be adequately resolved and/or matched given their relatively high MW using an 8-16% gradient gel. This highlights a limitation of 2D-PAGE. We have previously described increased albumin expression in the CVF in association with approaching labour by utilising a 10% gel (Heng et al. 2010a ) and speculate that this may reflect increased inflammation and leucocyte migration occurring in the supracervical membranes. Further investigation of albumin expression in the CVF in association with preterm PROM is required.
In conclusion, we have investigated the global dynamic changes in the CVF proteome of asymptomatic women who subsequently experienced preterm PROM within 6-23 days. This study has revealed a number of significant differentially expressed proteins that are involved in inflammation, ECM remodelling and oxidative balance. Collectively, these protein changes and their consequent effects may represent biochemical evidence of a distinct pathway that leads to rupture of the fetal membranes in the absence of cervical ripening and myometrial activation.
Owing to the small sample size (that included both singleton and twin gestations and a relatively wide interval of sampling to preterm PROM), the findings presented in this study should be regarded as preliminary. We acknowledge that the mechanism(s) underlying the rupture of fetal membranes may differ between singleton and multifetal gestations. Similarly, the cause(s) of early (!28 weeks) and late (35-36 weeks) preterm PROM may differ. We have attempted to address these confounding factors by gestationally matching singleton and twin pregnancies (with a similar interval in CVF sampling to preterm PROM) in an independent cohort of women in the western blot validation study. This may explain why western blot validation could not confirm our results for three of the six candidate biomarkers investigated. Further investigation and validation in a larger prospective preterm PROM population using traditional immuno-based techniques is warranted. It is anticipated that these and other biomarkers could be utilised in the development of a sensitive and specific screening test for the detection of women at risk of delivering preterm. recruited by a Research Midwife who obtained written informed consent. Samples were retrospectively selected based on birthing outcome for subsequent analysis. Pregnant women attending the Antenatal Clinic at the Mercy Hospital for Women (Heidelberg, Victoria, Australia) with identified risk factors for spontaneous preterm birth were recruited at w24 weeks' gestation. CVF samples were collected every 4 weeks up to 36 weeks' gestation or collection ceased if PTD had occurred. Once delivery outcomes were verified, the CVF samples were stratified post hoc into two groups. The preterm PROM group consisted of asymptomatic women who presented with spontaneous preterm PROM 6-23 days after CVF sample collection and subsequently delivered preterm (nZ5). Women from the same prospective cohort, who spontaneously delivered at term without preterm PROM, were selected to serve as gestation-matched controls (nZ10). Inclusion criteria for recruitment were any of the following: a history of spontaneous PTD or preterm PROM, shortened cervix, previous cone biopsy, uterine anomaly and heavy smoker. Exclusion criteria were women with bacterial vaginosis, clinical signs of chorioamnionitis, unprotected sexual intercourse in the preceding 48 h before CVF collection and vaginal examination or transvaginal ultrasound in the preceding 6 h before CVF sample collection.
Materials and Methods
Subject recruitment and sample collection
CVF was collected from the posterior vaginal fornix using a double-tipped rayon swab (Duo-Transtube, Medical Wire and Equipment Co. Ltd., Corsham, Wilts, England) for 30 s and immersed in 1 ml CVF extraction buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 0.1% v/v SDS, 1 mmol/l EDTA and 1 mmol/l AEBSF protease inhibitor). Samples were processed immediately according to a previously published protocol (Di Quinzio et al. 2007) . A high vaginal swab was also collected from the posterior vaginal fornix for microbiological assessment. Routine microbiological culture and microscopy were performed adhering to standard laboratory methods (Microbiology Department, Austin Pathology, Austin Health, Heidelberg, Victoria, Australia).
Sample processing and 2D-DIGE
An equivalent protein load of individual samples was pooled into the two distinct groups. The pooled samples were precipitated using the 2D Clean-Up kit (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer's instruction. Samples were resolubilised in rehydration buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS and 30 mM Tris). Buffer exchanges were performed to obtain conductivity measurements !300 mS/cm. Total protein concentration of pooled samples was determined using the Bradford Coomassie Plus Protein Assay Reagent Kit (Pierce Biotechnology, Rockford, IL, USA). For each pooled group, 25 mg protein was labelled with 200 pmol CyDye DIGE Fluor minimal dye (GE Healthcare). To normalise protein abundance, an internal standard was created using equal aliquots labelled with Cy2 dye from the two study groups. Dye swapping for each group was used to account for labelling bias using both Cy3 and Cy5 dyes. The labelled samples were subsequently pooled according to the study design.
A total of 75 mg protein was loaded onto 11 cm immobilised pH gradient strips with a linear gradient of pH 4-7 (IPG Ready Strip; Bio-Rad Laboratories, Hercules, CA, USA) and subjected to first-dimension separation at 34 000 Vh. IPG strips were then equilibrated consecutively for 15 min with dithiothreitol and iodoacetamide (IAA) equilibration buffers. Second-dimension separation was performed using Criterion 8-16% Tris-HCl polyacrylamide gradient gels (Bio-Rad Laboratories). Gels were scanned at 100 nm resolution in a Typhoon 9400 scanner (GE Healthcare) using the following channels: 580 BP 30 (Cy3; PMT voltage: 490 V), 520 BP 40 (Cy2; 480 V) and 670 BP 30 (Cy5; 670 V). ImageQuant TL Software, version 7.0 (GE Healthcare), was used to assign pseudo-colours to different lasers and images were overlaid to visualise differences. Protein spot analysis was performed using Progenesis SameSpots 3.3 Software (Non-Linear Dynamics, Newcastle upon Tyne, UK) to identify differentially expressed spots. Normalised Cy3-and Cy5-labelled spots were compared to the internal standard to determine the proportional amount of protein.
Mass spectrometry
Gels were fixed in 10% acetone/25% isopropanol solution and counter stained with Coomassie (G-250, PageBlue; Fermentas, Burlington, ON, Canada). Protein spots of interest were manually excised and processed for mass spectrometry characterisation. Briefly, excised gel plugs were destained twice with 50% acetonitrile in 100 mM triethylammonium bicarbonate (TEAB; Sigma-Aldrich), dehydrated with acetonitrile and air dried. Gel plugs were subjected to reducing (50 mM Tris (2-carboxyethyl) phosphine in 50 mM TEAB at 60 8C for 10 min) and alkylation conditions (100 mM IAA in 50 mM TEAB for 1 h in the dark) sequentially. Excised spots were dehydrated with acetonitrile and digested overnight at 37 8C with 20 mg/ml proteomics grade porcine trypsin (Sigma-Aldrich).
nLC-ESI-MS/MS was performed using an Agilent 1100 Series HPLC coupled to an Agilent LC/MSD Trap XCT Plus Mass Spectrometer fitted with an HPLC Chip cube (Agilent, Palo Alto, CA, USA). The HPLC Chip comprised of a 40 nl enrichment column and a 75 mm!43 mm separation column both packed with Zorbax 300SB -C 18 5 mm particle size stationary phase. The LC method was controlled by Chemstation version B.01.03 (204). Samples were loaded onto the enrichment column in acetonitrile/formic acid (5%/0.1% v/v at 4 ml/min). A 15 min linear gradient (flow rate 400 nl/min) from 5 to 60% acetonitrile/0.1% formic acid v/v was performed followed by a step from 60 to 80% acetonitrile/0.1% formic acid v/v over 0.5 min and held for 1 min to elute any remaining protein from the column.
All MS/MS spectra were collected using data-dependent acquisition mode via MSD Trap Control Software version 5.3 build no. 11.0 (Bruker Daltonik GmbH, Bremen, Germany). After the acquisition of a full MS scan (m/z 300-1800 at 8100 m/z/s) in the first scan event, the three most intense ions present above a threshold intensity of 10 000 were subsequently isolated for fragmentation (MS/MS scan m/z 100-2000 at 26 000 m/z/s). The collision energy for the MS/MS scan was ramped from 30 to 200% of 1.3 V, for acquisition of the MS/MS scan and two spectra were averaged for each event. General instrument parameters were as follows: capillary voltage, 1950 V; skimmer, 40 V; capillary exit, 101.8 V; trap drive, 74.4; dry gas, 4 l/min; dry temperature 300 8C.
The peptide sequences from the MS/MS spectra were identified by correlation with the peptide sequences from proteins present in the Swiss-Prot database (version 2011_06) using the MASCOT search algorithm (Matrix Science, London, UK). Typical MASCOT search parameters used were as follows: peptide mass tolerance, G1.2 Da; fragment mass tolerance, G0.6 Da; missed cleavages, 1; enzyme, trypsin; fixed modifications, cysteine modified by carbamidomethyl; variable modifications, oxidation and taxonomy, Homo sapiens.
Two-dimensional PAGE
The same samples were individually processed by the precipitation of the CVF proteins using the trichloroacetic acid precipitation method as described previously (Di Quinzio et al. 2007) . Briefly, samples were incubated with equal volumes of 20% trichloroacetic acid and the precipitated protein pellet resolubilised in rehydration buffer. The protein concentration of each sample was determined using the Bradford Coomassie method. Fifteen micrograms of protein were subjected to first-and second-dimension separation in a similar method as described in the 2D-DIGE method. Gels were fixed and stained using SYPRO Ruby (Bio-Rad Laboratories) according to a previously published protocol (Di Quinzio et al. 2007 ). Gels were scanned at 100 nm resolution in a FX imager (Bio-Rad Laboratories). A match-set of all 15 gels was produced and spots of interest in the initial 2D-DIGE analysis were further investigated using PD Quest v7.3.1 Software (Bio-Rad Laboratories).
2D-PAGE statistical analysis
Spot volumes calculated by PD Quest (area!pixel density) were used to determine fold differences of matched spots compared between the two groups. The volumes of matched spots that showed significant differential expression from initial PD Quest analysis were exported to the Statistical Package for Social Sciences (SPSS v17, Chicago, IL, USA) for statistical analysis using the non-parametric Mann-Whitney U test. A probability of P!0.05 was determined as being statistically significant.
Western immunoblot
An independent cohort of CVF samples (preterm PROM, nZ5; gestation-matched controls, nZ10) was selected for validation of candidate biomarkers using the inclusion/exclusion criteria as described previously. Twenty-five micrograms of CVF were resolved on a 15% Tris-HCl Criterion pre-cast gel (Bio-Rad Laboratories) under reducing conditions and proteins were transferred onto a polyvinylidene fluoride membrane. To confirm consistency of protein loading, we investigated the common 'house-keeping' proteins, actin, a-tubulin and GAPDH in CVF, but found that these were not always expressed in all samples. There is no constitutively expressed protein in the CVF, as this is a secreted, non-sterile fluid. Therefore, to overcome this issue, the blot of individual samples in gel lanes was stained with SYPRO Ruby for 15 min (Bio-Rad Laboratories) and then imaged using the FX Imager (Bio-Rad Laboratories). Specific protein bands were then normalised against the total densitometry of each lane.
Blots were then blocked with 5% skim milk in TBS-T (0.025% Tween 20 in Tris-buffered saline) for 1 h at room temperature. Blots were probed with 1 mg/ml primary antibodies overnight at 4 8C. The following primary monoclonal mouse antibodies were raised against human VDBP (clone 359501; R&D Systems, Minneapolis, MN, USA), cystatin A (clone 224705; R&D Systems) and thioredoxin (clone 2A7; Sigma-Aldrich). Polyclonal rabbit antibodies were raised against human annexin A3 and FABP5 (Sigma-Aldrich). After three washes with TBS-T, blots were incubated with 1:2000 dilution of appropriate secondary antibody (goat anti-rabbit or goat anti-mouse IgG; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at room temperature. Blots were also incubated with biotinylated goat anti-human IL1 receptor antagonist (0.2 mg/ml; R&D Systems) overnight at 4 8C followed by incubation with streptavidin-HRP (1:200 dilution; R&D Systems) for 1 h at room temperature. All blots were washed three times with TBS-T and bands of interests were detected using electrochemiluminescence (Santa Cruz Biotechnology) and visualised on a Chemi-Doc Imager (Bio-Rad Laboratories). Volume densities of bands were determined using the Quantity One software (Bio-Rad Laboratories). Density values were exported into SPSS and analysed using the non-parametric Mann-Whitney U test to determine statistical significance (P!0.05).
Supplementary data
This is linked to the online version of the paper at http://dx.doi. org/10.1530/REP-12-0264.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Funding
Funding was provided by the Medical Research Foundation for Women and Babies.
